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Intracellular movementThe p7A of Melon necrotic spot virus has been described to be a RNA-binding movement protein essential for
cell-to-cell movement but its role in this process is still unknown. Here, we found that primary and
secondary structure elements on p7A appear to form a composite RNA-binding site required for both RNA
interaction and cell-to-cell movement in plants indicating a direct correlation between these activities.
Furthermore, we found that ﬂuorescent-tagged p7A was distributed in punctuate structures at the cell
periphery but also in motile cytoplasmic inclusion bodies which were in close association with the actin MFs
and most likely generated by self-interacting p7A molecules as shown by BiFC assays. Consistently, the p7A
subcellular distribution was revealed to be sensitive to the actin inhibitor, latrunculin B. The involvement of
the RNA-binding capabilities and the subcellular location of the p7A in the intracellular and intercellular
virus movement is discussed.
© 2009 Elsevier Inc. All rights reserved.Introduction
Plant viruses move from cell to cell by passing through the plas-
modesmata (PD) since, as far it is known, these pathogens are not able
to degrade the cell wall. Therefore, the local spread of infection
requires not only the movement of viruses from their replication sites
to both the plasma membrane and cell wall, but also the modiﬁcation
of the size exclusion limit (SEL) of the PD. To accomplish these
functions, viruses encode one ormore non-structural factors known as
movement proteins (MPs). In spite of the structural differences found
among the numerousMPs that have been identiﬁed to date, all of them
are involved in the transport of infectiousmaterial either as entire viral
particles or as nucleoprotein complexes. Thus, most MPs share similar
properties, such as RNA-binding capacity, interaction with viral and
host factors and the PD's gating ability (reviewed in Waigmann et al.,
2004 and Lucas, 2006). Moreover, it has been shown that a particular
MP is able to complement the movement deﬁciency of viruses from
unrelated families (Scholthof, 2005; Sanchez-Navarro et al., 2006),
which indicates a functional equivalence among them. On the other
hand, many MPs have been identiﬁed as membrane proteins, which
are often associated with the endoplasmic reticulum (ER) andés), janavarr@ibmcp.upv.es
ll rights reserved.cytoskeletal elements, suggesting a great dependence on the cell
macromolecular transport system into the viral transport (Nelson and
Citovsky, 2005). In this sense, plant viruses have developed a variety of
mechanisms to carry out intracellular movement, for example, the
Tobacco mosaic virus (TMV) MP can be targeted to the PD most likely
by using the ER/actin and microtubules network (Boyko et al., 2007;
Wright et al., 2007); the multi-component transport system of potex-
like andhordei-like viruses (the triple gene block, TGB),which consists
in three different proteins (TGBp1, TGBp2 and TGBp3), moves from ER
to the cellular periphery generating motile ER-derived bodies
(Morozov and Solovyev, 2003), and later, some components (TGBp2
and TGBp3) are recycled by entering into the endocytic pathway
(Haupt et al., 2005); theHsp70 homolog (Hsp70h) of Beet yellows virus
(BYV) is involved in virion tail assembly and cell-to-cell movement
and is autonomously targeted to plasmodesmata in a processmediated
by the actomyosin motility system (Prokhnevsky et al., 2005; Avisar
et al., 2008). Paradoxically, intracellular and intercellular studies on
carmoviruses, which have the simplest multi-component transport
system identiﬁed to date, are scarce. The cell-to-cell movement of
carmoviruses requires the concerted action of two small proteins, no
larger than 12 kDa (Cohen et al., 2000; Genoves et al., 2006), which are
encoded by a cassette of two genes referred to as the double gene block
(DGB) (Hull, 2002). The structural and molecular properties of the
corresponding gene products (DGBp1 and DGBp2) have only been
studied in vitro for both Carnation mottle virus, CarMV, and Melon
necrotic spot virus, MNSV. Biochemical assays have demonstrated that
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able to bind single-stranded RNA (ssRNA). Moreover, computer
predictions combined with circular dicroism data suggested the pre-
sence of three different structured domains: an unorderedN terminus,
an inducible α-helical central region and a C terminus with potential
β-sheet folding (Marcos et al., 1999; Akgoz et al., 2001; Vilar et al.,
2001, 2005; Navarro et al., 2006). On the other hand, DGBp2 are
integral membrane proteins that anchor in the ER through either
single- or two-spanning transmembrane domains (TMD) (Vilar et al.,
2002; Sauri et al., 2005; Navarro et al., 2006; Martinez-Gil et al., 2007).
In this scenario, the ability of carmoviruses to move from cell to cell
could be determined by the formation of a hypothetical genome–
DGBp1 complex that would be assisted by ER-interacting DGBp2
(Marcos et al., 1999; Vilar et al., 2002). However, speculation con-
cerning this model has only been based on in vitro biochemical data.
The MNSV has a single-stranded RNA genome of 4.3 kb which
codes for ﬁve viral proteins. Both p29 and the read-through p89 are
involved in virus replication, and are released from the genomic-
length RNA (gRNA), whereas the small p7A and p7B (DGBp1 and
DGBp2, respectively), implicated in virus movement, and the coat
protein (p42) are translated from the 1.9 and 1.6 kb subgenomic RNAs
(sgRNAs), respectively (Riviere and Rochon, 1990; Genoves et al.,
2006). We previously described the in vitro RNA-binding properties of
MNSV p7A (Navarro et al., 2006), and in this research, we have
addressed further insight into the p7A contribution on virus cell-to-
cell movement. For this purpose, targeted mutations were introduced
affecting either the basic amino acids or the α-helix central structure
of p7A and the effects of these changes on both the in vitro RNA-Fig. 1. Site-directed mutagenesis analyses of the p7A function in MNSV cell-to-cell moveme
showing the three different structural regions. The conserved α-helix and β-sheet structu
modiﬁed in p7A ORF are shown in red and their relative position is indicated by a subhead
promoter control in the pUC18 vector to generate the pMNSV(Al) infectious vector and the d
the viral and ﬂuorescent proteins are indicated. (C) Laser confocal microscopy images take
were previously agroinﬁltrated with the CP-expressing construct pMOG42. The replacement
the right inside the images indicate the infected tissue area generated by each mutant in rela
unicellular foci. Bars in multi- and unicellular foci images correspond to 200 and 20 μm, rebinding properties and the local spread of MNSV infection were
studied by using an infectious vector carrying the green ﬂuorescent
protein (GFP). MNSV p7A displayed a strong self-interaction in vitro
and in vivo although this property was not required for its RNA-
binding capabilities. Furthermore, in planta subcellular localization
studies of ﬂuorescent–protein fusions combined with colocalization
experiments with both viral and cellular markers and bimolecular
ﬂuorescence complementation assays showed that the p7A was
located in cytoplasmic aggregates or inclusion bodies in close
association with the actin cytoskeleton and also in peripheral punc-
tuate structures which may be related with either PD-rich regions or
pit ﬁelds.
Results
Mutational analyses of the p7A function in MNSV cell-to-cell movement
A large number of virus-encoded MPs bind to single-stranded
RNAs in vitro ribonucleoprotein (RNP) complexes to move cell-to-cell
throughout the infected plant (Waigmann et al., 2004). RNA-binding
activity of p7A has also been reported suggesting that most likely it
may be involved in the MNSV genome–MP complex formation
(Navarro et al., 2006). In this sense, a study on the involvement of
the basic residues and the inducible α-helical secondary structure of
the p7A central region in MNSV cell-to-cell movement was performed
to map in vivo structure-to-function relationships. The experimental
approach essentially consisted in the alanine-replacement mutations
within the p7A ORF (Fig. 1A) by using the recombinant GFP-MNSVnt in melon plants. (A) Schematic representation of the secondary structure of the p7A
res are represented by boxes and broken lines, respectively. The residues that were
ing number. (B) A schematic representation of the MNSV genome cloned under the T7
erivedMNSV-GFP quimeric chimeric construction (pMNSV(Al)-Δcp-GFP). The names of
n 2–3 days after the inoculation of each MNSV mutant RNAs on melon cotyledons that
s generated in each mutant are indicated. The percentages of movement represented on
tion to that produced by the original MNSV RNA. A 0% value indicated the appearance of
spectively.
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vitro transcripts derived from the pMNSV(Al)-Δcp-GFP vector in
melon plants allows the monitoring of both the replication and cell-
to-cell movement of MNSV by ﬂuorescence appearance since the p42
ORF from the pMNSV(Al) infectious vector was replaced with the
green ﬂuorescent protein (GFP) ORF (Fig. 1B) (Genoves et al., 2006).
Notice that the MNSV coat protein was reported as not being essential
for cell-to-cell movement, but the presence of this structural protein
favoured the local spread, which is most likely due to their capacity to
delay the RNA silencing mechanism (Genoves et al., 2006). The RNAs
derived from the pMNSV(Al)-Δcp-GFP clone and their mutant forms
(see Supplementary Table S1 and Fig. 1C) ) as well as those
transcribed from pMNSV(Al)-Δcp-GFP-p7A(FS) which contains a
frame-shift mutation in p7A ORF that completely impairs its
expression (Genoves et al., 2006) were inoculated onto melon
cotyledons. Previously, the tissue was agroinﬁltrated with the CP-
expressing construct pMOG42 in order to avoid any potential
detrimental effect caused by the absence of this protein. Local spread
of MNSV infection was measured by quantifying the ﬂuorescent area
from three different infection assays as described in Materials and
methods section.
Interestingly, the ala-replacements of positively charged residues
showed different results on cell-to-cell movement depending on the
p7A region where the mutations were localized. Most changes
positioned inside the central domain (K25AK27A and R32AK33A
double mutants as well as K27A and K33A simple mutants)
completely inhibit the virus cell-to-cell movement since all the
observed infection foci were unicellular as occurred with the null
mutant p7A(FS) (Fig. 1C), except for those of the K43A mutant that
moved approximately at 65% of what the wild-type RNA moved
(Fig. 1C). Note that this is the last residue of the p7A central domain
(Fig. 1A), and its effect on the functionality of this region was
probably lesser than that produced by the aforementioned mutants.
According to the result obtained with the K43A mutant, both the
R13AR15A and K56AK58A double mutants, located at the p7A amino-
and carboxyl-terminal regions, respectively, resulted in approxi-
mately a 30% reduction of the local spread (72% and 68%,
respectively, of the area infected by the wild-type RNA) (Fig. 1C).
The combination of both mutants in the same molecule of p7A
(R13AR15AK56AK58A) led to a considerably reduced cell-to-cell
movement, but the virus was still able to move from cell to cell
(34% of the area infected by the wild-type RNA) (Fig. 1C).
Nevertheless, the movement was abolished when four positively
charged residues were substituted in the protein N-terminus end to
generate the mutant R13AR15AK17AR19A (Fig. 1C). This mutant
included replacements that affected the charged residues located
nearer to the central region whereas the preceding mutant
(R13AR15AK56AK58A) only affected two of them (Fig. 1A). These
results indicate that the p7A function in the MNSV movement is
performed by the positively charged residues of its sequence,
especially those within the central protein domain.
On the other hand, the C-terminal amino acid sequence located
inside the central region of homologous carmovirus DGBp1 is highly
conserved (Navarro et al., 2006). It is likely that these residues are
implicated in the region folding as a α-helical structure (Vilar et al.,
2001). The signiﬁcance of this conserved structure in RNA-binding
assays has been demonstrated for the CarMV p7 RBD (Vilar et al.,
2005). For p7 RBD, the p7A-derived peptide p7A23-44 can be induced
to fold into anα-helical conformation (Navarro et al., 2006). Since it is
assumed that the cyclic structure of the proline strongly restricts the
conformational space of the peptide chain and tends to inhibit the
secondary structure formation, we decided to disrupt the α-helix of
this p7A region by A38P replacement in the chimera clone pMNSV(Al)-
Δcp-GFP to study its in vivo viability. Only individual ﬂuorescent cells
were observedwhen the RNAs derived from thismutant were assayed
(Fig. 1C). These results underscore the critical nature of the p7A α-helical structure revealing that it is essential for MNSV cell-to-cell
movement.
The p7A RNA-binding capacity is required for MNSV
cell-to-cell movement
The in vitro RNA-binding activity of p7A suggests that it might be
involved in the formation of the MNSV genome–MP complex in vivo
(Navarro et al., 2006). Therefore, the differences in the spread of
infection among p7A mutants could be a direct consequence of their
different RNA-binding capabilities. To further evaluate this possibility,
the in vitro RNA-binding properties of His-tagged p7A were compared
to those from some representative His-tagged p7A mutants by the in
vitro electrophoretic mobility shift assay (EMSA) (Herranz and Pallas,
2004). The R13AR15A (located at the Nt region) and R32AK33A (located
at the central region) p7A mutants were selected to represent those
modiﬁcations resulting in either a slight reduction or complete
inhibition of cell-to-cell movement, respectively. Additionally, the
A38P p7A mutant was also assayed to determine whether the p7 RBD-
homologous secondary structure found in p7A also contributes to RNA
binding as in the case of CarMV p7 (Vilar et al., 2005). EMSA was
performed using a MNSV-speciﬁc DIG-labelled ssRNA riboprobe and
increasing amounts of either a His-tagged p7A expressed from the
pET-p7A construct (Navarro et al., 2006) or each of the His-tagged
p7A variants obtained by pET-p7A alanine-scanning mutagenesis.
Before the EMSA, a Western blot analysis using p7A-speciﬁc antibody
and the puriﬁed proteins conﬁrmed that recombinant proteins of
expected size (1.5 kDa His-tag plus p7A) were synthesized.
Interestingly, an additional but speciﬁc band of ∼20 kDa was
detected suggesting the possibility that p7A would dimerize/
aggregate (Fig. 2A), a subject that will be analyzed later in this work.
For His-tagged p7A EMSA, all the added RNAs were quickly
converted into a slightly retarded intermediate complex (IC), even at
very low quantities of the protein (b1 ng) (data not shown). With
increasing amounts, however, the IC progressively disappeared at the
same time as a fully retarded complex (FC), which hardly entered in
the gel, began to appear. This FC was initially detected in the presence
of 10 ng of protein, whereas the IC practically disappeared when
160 ng of protein were added to the binding mixture (Fig. 2B). Similar
complexes have been described for either viral (for example, Infec-
tious bronchitis virus, IBV nucleocapsid, and Poa semilatent virus, PSLV
TGBp1) or non-viral proteins (the major core informosome protein
associated with eukaryotic mRNA p50) (Osborne and Elliot, 2000;
Kalinina et al., 2001). Moreover in the case of PSLV TGBp1, the fully
and partially retarded complexes presented distinct shapes as imaged
by atomic force microscopy (Kalinina et al., 2001).
The RNA-binding ability of the p7A central domain mutant
R32AK33A was drastically inhibited (Fig. 2B), even at 600 ng of protein
(data not shown), whereas the N-terminus R13AR15A substitution had
a negligible effect on the RNA-binding process (Fig. 2B). When the
central α-helix was disrupted in the A38P mutant, the RNA-binding
capacity also disappeared (Fig. 2B), indicating the requirement of the
secondary structure element for this property. Collectively, the results
presented above establish a direct correlation between the RNA-
binding capacity of p7A and the viral cell-to-cell movement.
Subcellular localization of tagged p7A by Agrobacterium
tumefaciens-mediated expression
To further elucidate those p7A properties that make this protein
necessary for viral movement, we addressed the subcellular localiza-
tion of ﬂuorophore-tagged p7A by transient expression in N.
benthamiana plants, an experimental host of MNSV (Diaz et al.,
2004). The p7A ORF was fused to either the N terminus of the GFP
(p7A-GFP) or ChFP (p7A-ChFP), and cloned in plasmids suitable for
expressing the recombinant proteins after agroinﬁltration. Free GFP
Fig. 2. (A) Immunoblot analysis of bacterial expressed His-tagged p7A wt and three representative variants including two positively charged alanine replacements either located at
the amino termini (R13AR15A) or the central region (R32AK33A) as well as the structural A38P mutant. Numbers on the right indicate the molecular weight (kDa) and the position of
the size markers. The situation of the speciﬁc bands corresponding to p7A monomer (m) and dimer (d) is indicated on the left. (B) Comparison of in vitro RNA-binding properties
between the His-tagged p7A wt and R13AR15A, R32AK33A and A38P mutants by electrophoretic mobility shift assays (EMSA). The position of free RNA (RNA), intermediate (IC) and
fully retarded (FC) complexes is indicated. Kd of the His-p7A/RNA formation was determined by a Hill transformation of data from three independent EMSAs.
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controls, were homogeneously distributed throughout the cortical
cytoplasm and the nucleus, as expected for these ﬂuorescent proteins.
In contrast, both recombinant proteins p7A-GFP (Fig. 3, panels B–H)
and p7A-ChFP (Supplementary Fig. S1A, panel b) were distributed in
cytoplasmic granules (Fig. 3 and Supplementary Fig. S1A, panels b–d)
and punctuate structures at the cell periphery (Fig. 3, panels E–H, and
Supplementary Fig. S1A, panels c and d). The size of ﬂuorophore-
tagged p7A granules at the cytosol was highly variable, ranging
between approximately 0.1 and 2 μm in diameter. Moreover, time
series taken by confocal microscopy revealed p7A-GFP cytosolic
granules to be highly motile, trafﬁcking the smallest faster than the
biggest ones (Supplementary video S1). Additionally, in enlargedFig. 3. Analysis of the subcellular localization of p7A-GFP by means of A. tumefaciens
approximately 30 h after inﬁltration. The ﬂuorescence pattern obtained by p7A-GFP expres
distributed in cytoplasmic granules (see enlarged images in panels C and D) and peripher
bodies (pointed by arrows in panel G). Images resulting from the overlay of transmittance
boundaries (panels F and H).images, some of the peripheral structures appeared as dual bodies
showing each element of the pair a similar size and an apparently
location at different but adjacent cells (Fig. 3, panels G and H).
Western blot analysis, using p7A-speciﬁc antibody and protein
extracts from inﬁltrated leaves, conﬁrmed that recombinant proteins
of expected size were synthesized. In this case, dimers were also
detected (Supplementary Fig. S1B).
To determine if cytosolic granules and peripheral punctuate
structures were associated to some of the major membrane-bounded
organelles, the ﬂuorophore-tagged p7A was coexpressed with well-
established subcellular markers including a Golgi-speciﬁc ChFP
reporter containing the transmembrane domain of the rat α-2,6-
sialyltransferase (Supplementary Fig. S2, panels a–c), a fusiontransient expression in N. benthamiana leaves. Confocal laser images were taken
sion, clearly different from that obtained with free GFP (compare panels A and B), was
al punctuate structures (panels E) that in magnifying scans can be detected as paired
mode and green channel are displayed to clearly show the location of p7A-GFP on cell
137A. Genovés et al. / Virology 395 (2009) 133–142between the ChFP and the pumpkin hydroxypyruvate reductase that
is targeted to peroxisomes (Supplementary Fig. S2, panels d–f) and
the fusion of the Nicotiana plumbaginifolia β-ATPase with GFP, a
mitochondrion-speciﬁc reporter (Supplementary Fig. S2, panels g–i).
Moreover, the chlorophyll autoﬂuorescence was used to visualize the
chloroplast (Supplementary Fig. S2, panels j–l). In all cases, ﬂuor-
ophore-tagged p7A granules were clearly distinguishable from all four
organelles (Supplementary Fig. S2). However, a ﬂuorescence distri-
bution similar to that of p7A was previously reported for the Beet
yellows virus Hsp70 homolog movement protein (Hsp70h-GFP and
Hsp70h-mRFP) including the mobility of the cytosolic bodies
generated also by this MP (Prokhnevsky et al., 2005). Therefore, we
used the same Hsp70h-mRFP expressing construct which was
reported before to further study the subcellular localization of p7A.
Interestingly, coexpression of both fusion proteins resulted on a
colocalization of the red and green signals in the peripheral structures,
suggesting that MNSV p7A may be autonomously accumulated in PD-
rich areas as reported for BYV Hsp70h (Prokhnevsky et al., 2005) (Fig.
4A, panels a–f). In addition, p7A-GFP cytoplasmic granules were also
visualized in colocalization with those generated by Hsp70h-mRFP
(Fig. 4A, panels g–i). In this scenario, given that BYV Hsp70h-mRFP
cytoplasmic bodies were reported to be in close association with actin
microﬁlaments (MFs) and its mobility characterized to be class VIII
myosin-dependent (Avisar et al., 2008), we wanted to study the
possibility that p7A-GFP cytoplasmic granules could be also associated
with the actin cytoskeleton. To this aim, we coexpressed p7A-GFP
with a cytoskeleton-targeted recombinant protein consisting on the
actin-binding domain of the mouse talin fused to the DsRedFig. 4. (A) Colocalization assays of MNSV p7A-GFP and BYV Hsp70h by transient expression in
a and d), red ﬂuorescence from Hsp70h-mRFP (panels b and e) and transmittance chann
structures on the boundaries between adjacent epidermic cells are displayed in panels c
respectively) also colocalized as revealed in merged image (panel i). (B) Co-expression of p7
granules with actin microﬁlaments (panel c).ﬂuorescent protein (dsRFPTalin). The resulting images revealed
tight associations of the p7A-GFP cytoplasmic granules with the
actin MFs, since green signals were detected clearly coaligning with
the red labelled ﬁlaments (Fig. 4B, panels a–c). Collectively, these
results suggested a putative role of the actin cytoskeleton in the
subcellular localization of p7A.
Trafﬁcking of p7A to cell periphery requires actin cytoskeleton but no
secretory pathway integrity
To further assess the potential role of actin MFs in p7A subcellular
localization, we evaluated the effect of an actin inhibitor, latrunculin B
(LatB), on the ﬂuorescence distribution of p7A-GFP. To this end, we
inﬁltrated half of the leaves with either 2.5 μM LatB or a dimethyl
sulfoxide (DMSO) buffer at 6 h before and 12 h after the agroinﬁltra-
tion of the p7A-GFP expressing vector in the entire leaf. In a parallel
assay, BYV Hsp70h-mRFP was coexpressed with p7A-GFP in the
presence of the depolymerizing agent. The effect of drug acting on
cytoskeleton was visualized by expression of dsRFPTalin marker
either in DMSO or LatB-treated tissues. Alternatively, since the
cytoskeleton and the secretory pathway have been involved in the
intracellular targeting and tubule assembly of Grapevine fanleaf virus
movement protein (Laporte et al., 2003), we also investigated the
effect of the Sar1BNt mutant H74L overexpression on p7A-GFP
subcellular localization. H74L-Sar1BNt is an inactive small GTPase
from Nicotiana tabacum that was reported to interfere with the
anterograde transport, triggering the GA disassembly and the
retention of GA-trafﬁcking proteins into the ER (Takeuchi et al.,N. benthamiana leaves. Overlay images of the green ﬂuorescence from p7A-GFP (panels
els showing colocalization of both viral proteins as paired and individual punctuate
and f. Moreover, p7A-GFP and Hsp70h-mRFP cytoplasmic granules (panels g and h,
A-GFP (panel a) and dsRFPTalin (panel b) shows tight association of green cytoplasmic
138 A. Genovés et al. / Virology 395 (2009) 133–1422000). Therefore, we coinﬁltrated half leaves with either H74L-
Sar1BNt/p7A-GFP or Sar1BNt/p7A-GFP, as control. The action of
H74L-Sar1BNt on ER-to-GA transport was visualized by coexpression
of ST-YFP GA marker, a Golgi-speciﬁc YFP reporter containing the
transmembrane domain of the rat α-2,6-sialyltransferase that allows
the transit of the ﬂuorescent protein from ER to AG (Wee et al., 1998),
in the presence of either the active or the inactive GTPase. Thirty-six
hours following agroinﬁltration, dsRFPTalin labeled a dense mesh-
work of MFs in DMSO-treated tissue (Fig. 5, panel A) whereas ST-YFP
gave rise to bright dot staining of the GA stacks (Fig. 5, panel B). In
contrast, non-ﬁbril diffused red labeling was observed in LatB-treated
tissue as consequence of the depolymerizing action (Fig. 5, panel E)
while the presence of H74L-Sar1BNt resulted in virtual disappearance
of ﬂuorescent GA bodies which were replaced by a lamellar ER
network labeling (Fig. 5, panel I). However, different results were
obtained on p7A-GFP distribution; LatB completely altered the ﬂuo-
rescent pattern, since it inhibited the formation of Hsp70h-mRFP
bodies as previously reported and prevented the appearance of those
generated by p7A-GFP. In both cases, instead of the dotted pattern, a
diffuse ﬂuorescence was observed in cortical cytoplasm (Fig. 5,
compare panels B–D with panels F–H) and no punctuate bodies were
seen at the PD-rich regions (compare Fig. 5, panel D vs. F). In contrast,
disruption of secretory pathway had no detectable effects neither on
p7A-GFP subcellular localization nor actin cytoskeleton that remained
competent for MP docking (Fig. 5, panels J–L) and targeting to the cell
periphery. Collectively, these results indicated that p7A transport to
cell periphery is F-actin dependent and does not require the early
secretory pathway.
Assessment of p7A–p7A interaction by bimolecular ﬂuorescence
complementation
The detection of the His-p7A and ﬂuorescent-tagged p7A as dimers
strongly suggested the existence of self-interaction among p7A
molecules, and thus, further studies were performed by using theFig. 5. Effect of latrunculin B treatment and H74L Sar1BNt overexpression on subcellular lo
dsRFPTalin after DMSO inﬁltration and Golgi apparatus labelled with STtmd-ChFP coexpress
p7A-GFP nor peripheral structures were either affected by the presence of DMSO (panels C
drastic action of latrunculin B (2.5 μM) on actin cytoskeleton integrity and the ER-to-GA tra
treatment prevents the formation of the cytoplasmic and peripheral granules of both p7A-GF
neither subcellular localization of p7A-GFP (panels J and K) nor its association with actin mbimolecular ﬂuorescence complementation (BiFC) assay (Citovsky et
al., 2006; Walter et al., 2004). Brieﬂy, the BiFC approach is based on
the restoration of the ﬂuorescence when two half-parts of an auto-
ﬂuorescent protein reporter, neither of which ﬂuoresces on its own,
are brought together by an interaction between proteins fused to each
fragment. As no previous information about the p7A interacting
surface was available, we screen all putative multiple combinations of
fusion proteins for ﬂuorescence complementation. Therefore, we
fused each of the YFP fragments (see Materials and methods section)
to the amino and carboxyl terminus of the p7A to generate Nt [YFP]-
p7A, Ct [YFP]-p7A, p7A-Nt[YFP] and p7A-Ct[YFP] recombinant pro-
teins, respectively. Two days after the Agrobacterium-mediated
coexpression of the four possible combination of both complementary
recombinant YFP fragments, ﬂuorescent signal was only observed
with Nt [YFP]-p7A/Ct [YFP]-p7A (Fig. 6, panels A and B) but not with
the othermixes (data not shown), probably a consequence of an steric
impediment of the split YFP fragments on the interaction surface in
the carboxyl fusions of p7A but, alternatively, due to an insufﬁcient
ﬂexibility, hindering YFP fragments to associate with each other
during the interaction. Interestingly, the ﬂuorescence was distributed
among punctuate structures and motile cytoplasmic granules at the
cell periphery of N. benthamiana epidermal cells in agreement to that
observed before for p7A-GFP (Fig. 6, panels A and B, respectively).
These data corroborated that BiFC provides an assay not only for
protein–protein interaction but also for the subcellular localization of
the interacting partners (Citovsky et al., 2006) since the fusion of the
ﬂuorescent tag to the p7A amino end did not affect the subcellular
localization of this protein. Moreover, the expression of each
recombinant protein with the corresponding YFP fragment (either
Nt[YFP] or Ct[YFP]) did not produce any detectable ﬂuorescent signal
as in the case of Nt[YFP] and Ct[YFP] coexpression (Fig. 6, panels C–E).
To ensure that the observed ﬂuorescence signal was p7A-speciﬁc but
not resulting from overexpression or linker sequences, a different self-
interacting protein, the Cucumber mosaic virus (CMV) 2b protein
(Lewsey et al., 2009), was fused to the YFP fragments in an identicalcalization of p7A-GFP. Panels A and B show intact actin microﬁlaments labelled with
ed with Sar1BNt, respectively. In these control conditions neither cytosolic granules of
and D, respectively) or Sar1BNt (data not shown). In contrast, panels E and F show the
nsport impairing as a consequence of H74L-Sar1BNt overexpression, respectively. LatB
P and Hsp70h-RFP (panels F–H). However, H74L-Sar1BNt overexpression did not affect
icroﬁlaments (panel L).
Fig. 6. Subcellular localization and detection of p7A–p7A interaction by bimolecular ﬂuorescence complementation assay inN. benthamiana leaves. Panels A to C show the coexpression of
the indicated combination of recombinant proteinswith the corresponding split YFP fragments as negative controlswhereas panels D and E show ﬂuorescence distribution resulting from
coexpression of Nt[YFP]-p7A and Ct[YFP]-p7A in cellular boundary andmotile granules, respectively. Co-expression of Nt[YFP]-2b and Ct[YFP]-2b, a nuclear CMV protein, shows a speciﬁc
2b–2b interaction pattern that was very different from that of p7A since ﬂuorescence was observed into the nucleus but outside the nucleolus as revealed by coexpression with a red
nucleus/nucleolus ﬂuorescent marker (panels F–H).
139A. Genovés et al. / Virology 395 (2009) 133–142mode to the p7A. In this sense, a completely different pattern was
observed for Nt[YFP]-2b and Ct[YFP]-2b coexpression which aggre-
gates into the nucleus (Fig. 6, panels F–H) as expected for its
subcellular localization (Lucy et al., 2000) but not into the cytoplasm
as coexpression with Nt [YFP]-p7A and Ct [YFP]-p7A did in the same
experimental conditions.
Discussion
In this work, we have elucidated the requirements of the RNA-
binding properties of the DGBp1 in MNSV movement and its
subcellular localization, as well as the potential route that this protein
utilizes for intracellular trafﬁcking. Previous work demonstrated that
theMNSVDGBproducts (p7A andp7B) operating in trans are sufﬁcient
tomove viral RNAs amongneighboring cells, indicating that cell-to-cell
movement ofMNSV should take place as ribonucleoprotein complexes
(Genoves et al., 2006). Unlike CarMV DGBp1 (p7), which possesses a
precise well characterized RNA-binding domain (RBD) localized at the
α-helical structured central region of the protein (Marcos et al., 1999;
Vilar et al., 2001, 2005), both the amino- and carboxyl-terminal regions
of the MNSV p7A molecule were shown to be involved in the in vitro
RNAbinding, although the central region (Navarro et al., 2006)was the
most determinant one. On the other hand, the essential role of the
positively charged amino acid lateral chains in the RNA-binding
process has been described for different viral genera (Morozov and
Solovyev, 2003; Herranz et al., 2005), including carmoviruses (Wobbe
et al., 1998; Vilar et al., 2001). However, experimental data supporting
the involvement of the RBD of carmovirus DGBp1 on the virus cell-to-
cell movement have not been provided. Thus, the nature of the p7A–
RNA interaction and its relevance in MNSV cell-to-cell movement was
explored in a ﬁrst set of experiments.
Two commonly observed RNA-binding themes in RNA–protein
interactions can be found among the conserved structural elements of
p7A, consisting on a sequence rich in arginine and lysine residues,
mainly comprising both the Nt and central domains, which can be
induced to fold as a α-helical conformation (Drapper, 1999; Jones et
al., 2001). Our results revealed that cell-to-cell movement wasessentially not permissive to any change affecting either the removal
of positively charged residues or the destabilizing of the secondary
structure of the p7A central region, whereas the Nt and Ct regions
admitted a reduction in the number of positive charges before the
movement was completely abolished. The correlation of cell-to-cell
movement with RNA-binding activity was corroborated by EMSA. The
functional requirement of the RNA-binding domain in the cell-to-cell
and/or systemic virus movement has been described for other (+)
sense RNA viruses such as Tombus-, Diantho-, Cucumo- and Ilar-
viruses (Giesman-Cookmeyer and Lommel, 1993; Kalinina et al.,
2001; Kim et al., 2004; Herranz et al., 2005).
On the other hand, p7A was demonstrated to self-interact both in
vitro and in vivo, as revealed by electrophoretic analysis and BiFC
assays, respectively. Althoughwe have not mapped the protein region
responsible of self-interaction, other examples have demonstrated
that this region overlaps the RBD (Palani et al., 2006). Thus, it is
reasonable to think that a balance between the protein–protein and
RNA–protein interaction must be critical in the virus life cycle.
Furthermore, our results demonstrated that the MNSV p7A is
associated with peripheral PD-rich areas and motile cytoplasmic
granules, most likely trafﬁcking along the actin MFs. These later
structures were not related with the major membrane-bounded
organelles and therefore can represent inclusion bodies consisting on
p7A self-interacting molecules. It is generally accepted that intracel-
lular and intercellular movement of plant viruses occurs through the
cellular machinery of macromolecular transport that the virus hijacks
for its delivery to and through the PD. Accordingly, it has been
established the involvement of the cortical ER and the actin
cytoskeleton for targeting TMV MP to the PD, the secretory pathway
for the tubule-forming of GFV MP and the actin-ER-driven and the
endocytic pathways for the TGB MPs (see Ritzenthaler and Hofman,
2007 and Waigmann et al., 2007 for reviews). Moreover, a direct
interaction with class VIII myosin on actin MFs has been established
for BYV Hsp70h (Avisar et al., 2008). Finally, it has been reported that
RNA-binding MPs from multi-component transport systems, such as
the TGB from rod-shaped viruses (the triple gene block protein 1;
TGBp1) and 30K superfamily members, are localized in the PD of
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the cell, and the localization in the PD of the Hordei-like TGBp1 is
determined by the viral membrane-associated movement proteins,
referred to as TGBp2 and TGBp3 (Erhardt et al., 1999, 2000; Lawrence
and Jackson, 2001; Zamyatnin et al., 2004), in contrast to TMVMP and
BYV Hsp70h MP that were both autonomously targeted to PD. In this
sense, we have observed that the RNA-binding protein, p7A, neither
requires the counterpart membrane protein, p7B, nor any other viral
factor for its association with the MF and to reach cellular periphery.
On the other hand, p7A behaviour is more similar to BYV Hsp70h
MP than GFV MP, since we found that p7A motile cytoplasmic bodies
were associated to MFs and the location in immotile punctuate
structures at cell boundaries was abolish by the depolymerizing agent
LatB, in agreement to that reported for Hsp70h. In contrast, the
impairing of the secretory pathway had no detectable effect on this
peripheral location. Therefore, these results strongly suggest that the
movement of p7A can be actively driven by MFs rather than being a
consequence of the passive cytoplasmic streaming. In this scenario,
MFs can be responsible for the trafﬁcking of p7A to peripheral or PD-
rich areas, as stated for BYV Hsp70h MP in a process mediated by the
interaction with myosin class VIII (Avisar et al., 2008). However,
further studies are necessary to identify whether or not this
interaction occurs in the case of p7A. It is noteworthy that distantly
related plant viruses (clostero- and carmovirus) can exploit the same
mechanism for intracellular movement. In this sense, it has been
reported that p6 from Cauliﬂower mosaic virus, a virus with a circular
double-stranded DNA genome, forms motile inclusions that trafﬁc
along actin MFs (Harries et al., 2009).
In this study, we have presented experimental data showing that
the p7A RNA-binding activity is directly associatedwithMNSV cell-to-
cell movement, suggesting this protein to be the most likely viral
factor that recognizes the viral genome to initiate the intracellular and
intercellular transport of movement–competent complexes. More-
over, we have shown that p7A self-interact in vitro and in vivo, and
ﬁnally, transiently expressed p7A-GFP was not targeted to PD but to
the cytoplasm upon inhibition of the actin skeleton, indicating an F-
actin dependent transport of this protein to the cell periphery.
Materials and methods
Site-directed mutagenesis
p42, the coat protein gene of MNSV, was previously replaced for
the green ﬂuorescent protein (eGFP) ORF in the clone pMNSV(Al),
which contains the full-length genome of the isolate MNSV-Al under
the control of the T7 promoter (Gosalvez et al., 2003), to generate the
pMNSV(Al)-Δcp-GFP construct (Genoves et al., 2006). In addition, the
MNSV p7A gene was cloned into pETDuet-1 (Novagen) by deleting
the second T7 promoter and fusing the p7A ORF after a sequence
coding for a six histidine tag to obtain the pET-p7A expression vector
(Navarro et al., 2006). Mutations in the p7A ORF, consisting in a A38P
change and a set of alanine replacements mainly involving positively
charged amino acids, were obtained by using pMNSV(Al)-Δcp-GFP
and, when indicated, pET-p7A as templates (see Supplementary Table
S1 for mutation details). The modiﬁcations of the p7A nucleotide
sequence were experimentally obtained by site-directed mutagenesis
using the QuikChangeR XL-Site Direct Mutagenesis Kit (Stratagene)
according to themanufacturer's protocol. The speciﬁc primer pairs are
listed in Supplementary Table S1.
Cell-to-cell movement bioassays
The cell-to-cell movement ability of the in vitro transcripts derived
from the pMNSV(Al)-Δcp-GFP construct and all its mutants forms (see
Supplementary Table S1), which were obtained by T7 RNA polymerase
transcription (Roche), were assayed on Cucumis melo L. subsp. melo cv.Galia. Brieﬂy, fully expanded cotyledons from 6-day-old melon
seedlings were inﬁltrated with a suspension of A. tumefaciens carrying
the binary vector pMOG42by following the procedure described before
(Genoves et al., 2006). pMOG42 consisted in the cDNA corresponding
to the MNSV p42 ORF cloned in binary vector pMOG800 between the
cauliﬂower mosaic virus (CaMV) 35S promoter and the terminator
sequence of the Solanum tuberosum proteinase inhibitor II gene (PoPit).
At 24–48 h of agroinﬁltration, viral RNAs were inoculated by
mechanically rubbing the adaxial face of the cotyledons. At 2–3 days
post-inoculation (dpi), all the inoculated cotyledons were imaged
under confocal laser microscopy, as described below. Approximately
20–30 individual infection foci images from ﬁve different plants (ten
cotyledons) fromwild-type and each mutant RNA viral were recorded.
Local spread of MNSV was measured by quantifying the ﬂuorescent
area from three different inoculation events.
Expression in bacteria, puriﬁcation and immunoblotting analysis of
MNSV p7A mutant forms
The pET-p7A and three derived mutant constructs carrying each
R13AR15A, R32AK33A or A38P mutation were introduced into Escheri-
chia coli strain BL21(DE3)pLysS by electroporation (GenePulser
Xcell™ electroporation system, Bio-Rad). The recombinant His-tagged
p7A (His-p7A) protein and the mutant variants were puriﬁed by Ni-
NTA agarose (Qiagen), according to the manufacturer's protocol.
Puriﬁed proteins were analyzed by SDS–PAGE in 12% polyacrylamide
gels, and were quantiﬁed by absorbance using a BioPhotometer
(Eppendorf). Subsequent immunoblotting was done using a rabbit
polyclonal antibody against a p7A-speciﬁc oligopeptide manufactured
by Sigma-Aldrich.
Nucleic acid binding assay
Protein RNA-binding studies were performed by means of the
electrophoretic mobility shift assay (EMSA), as previously described
(Herranz and Pallas, 2004). Brieﬂy, different concentrations of the
His-tagged p7A or of each of the three mutant proteins (R13AR15A,
R32AK33A or A38P) were incubated for 30 min at room temperature
with a digoxigenin-labelled plus-strand MNSV RNA (Gosalvez et al.,
2003) in a 10 μl reactionmix also containing 10mMTris–HCl (pH 8.0),
100 mMNaCl, 50% glycerol and 2 units of RNase inhibitor. Afterwards,
samples were electrophoresed on a 1% agarose gel in 1× TAE buffer
(40 mM Tris–acetate, 1 mM EDTA, pH 8.0), capillary-transferred to
nylon membranes (Roche) in the presence of 10× SSC (1.5 M NaCl,
0.15 M sodium citrate) and exposed to UV irradiation (700×100 μJ/
cm2) to cross-link RNA. Riboprobe detection was conducted as
previously described (Pallás et al., 1998).
Sar1BNt and H74L-Sar1BNt ampliﬁcation and clonation
Sar1BNtprimersweredesigned fromdatabase sequence (BAA13463)
and ORF was ampliﬁed from mRNAs which were isolated from Ni-
cotiana tabacum leaves by using the Oligotex® mRNA Midi Kit
(Qiagen). Sar1BNt cDNA was cloned into pTZ57R/T cloning vector
(Fermentas Life Sciences) and H74L mutation was introduced by site-
directed mutagenesis using the QuikChangeR XL-Site Direct Mutagen-
esis Kit (Stratagene, La Jolla, CA) according to the manufacturer's
protocol. Sar1BNt and H74L-Sar1BNt cDNA were subcloned in the
binary vector pMOG800 under the control of the Cauliﬂower mosaic
virus (CaMV) 35S promoter (Knoester et al., 1998).
Construction of binary vectors
The recombinant protein cDNAs corresponding to both p7A-GFP
and p7A-ChFP (green and cherry ﬂuorescent proteins, respectively,
fused in frame to the carboxyl terminus of the p7A, respectively), Nt
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on an amino-terminal yellow ﬂuorescent protein (YFP) fragment
(residues 1–155, referred to as Nt-[YFP]) and a carboxyl-terminal YFP
fragment (residues 156–238, referred to as Ct-[YFP]) either fused to
the amino or carboxyl terminus of the p7A were obtained by standard
procedures. All these recombinant proteins together with the Nt[YFP]
and Ct[YFP] fragments were inserted in the binary vector pMOG800
under the control of the Cauliﬂower mosaic virus (CaMV) 35S
promoter (Knoester et al., 1998).
A. tumefaciens-mediated transient expression and bimolecular
ﬂuorescence complementation assays
Transient expression assays on N. benthamiana plants were
performed as previously described (Genoves et al., 2006). Brieﬂy,
the binary constructs were introduced into the A. tumefaciens strain
C58C1 by electroporation (GenePulser Xcell™ electroporation system,
Bio-Rad). Transformed bacteria were grown overnight in a shaking
incubator at 28 °C in Luria–Bertani (LB) medium supplemented with
the appropriate antibiotic mixture. Cultures were collected by slow-
speed centrifugation and adjusted to the required ﬁnal OD600 value
(0.2) with 10 mM MgCl2, 10 mM MES (pH 5.6) and 150 μM
acetosyringone. These suspensions were inﬁltrated into 2-week-old
N. benthamiana plants by gentle pressure inﬁltration into the lower
side of the leaves. For colocalization and bimolecular ﬂuorescence
complementation experiments requiring the simultaneous expres-
sion of two or more different proteins, individual bacterial cultures
containing the corresponding binary vectors were adjusted to a ﬁnal
OD600 of 0.2 and mixed before leaf inﬁltration. Plants were kept in
growth chambers in 16 h light at 25 °C and 8 h dark at 22 °C.
Protein extraction from plant tissue
Approximately 2 g of N. benthamiana leaves transiently expressing
either p7A-GFP or p7A-ChFP were homogenized in lysis buffer
containing 20 mM HEPES (pH 6.8), 150 mM potassium acetate,
250mMmannitol and 1mMMgCl2. Large cellular debris was removed
by gentle centrifugation at 3000×g for 10 min, and the resulting
supernatant was analyzed by SDS–PAGE in 12% polyacrylamide gels,
and subsequent immunoblotting was done using a rabbit polyclonal
antibody against p7A.
Laser confocal microscopy and colocalization assays
N. benthamiana leaf tissue was mounted in water under a coverslip
between 30 and 42 h following inﬁltration with Agrobacterium
containing the required constructs. All imaging was conducted on a
Leica TCS SL confocal laser-scanningmicroscopeusing anHCXAPO40x/
0.90 w water dipping lens to study the subcellular localization of the
ﬂuorescent-tagged proteins. eGFP and YFP ﬂuorescence was visualized
by 488 nm excitationwith a Kr/Ar laser and its emissionwas examined
with a bandpass ﬁlter for 500–530 nm. For imaging of ChFP, dsRFP and
mRFP ﬂuorescence, excitation at 514 nm (He/Ne laser) was used
whereas the emission was observed at 600–620 (ChFP) and 550–
590 nm (dsRFP and mRFP). Sequential scanning was used to suppress
optical cross-talk between the ﬂuorophores in stationary structures
colocalization assays. However, for dynamic structures, simultaneous
scanningwas employed to avoid shifts between the colour components.
For time-lapsemicroscopy, 20 imageswere obtained every 1.650 s from
a single optical plane and the movie assembly was performed by using
Microsoft Windows Movie Maker v.5.1 Software.
Treatment with actin microﬁlament destabilizing latrunculin B drug
For treatment of N. benthamiana, stock solution of latrunculin B
(LatB) (Sigma) was made in dimethyl sulfoxide (DMSO) at 2 mMconcentration. Immediately prior to inﬁltration, stock was diluted to
2.5 μM. An equivalent dilution of DMSO was used as a control. Half
leaves were either inﬁltrated with 2.5 μM LatB or with a DMSO buffer
twice, 6 h before and 12 h after the agroinﬁltration of the entire leaf
with the binary vectors.
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